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We present a comparison of the characteristics of the magnetic domain walls in an atomic mono-
layer of Co on Pt(111) and a Ni/Fe atomic bilayer on Ir(111), based on spin-polarized scanning
tunneling microscopy measurements. In both cases, the films exhibit a roughly triangular dis-
location line pattern created by epitaxial strain relief, as well as out-of-plane ferromagnetic order.
Domains with opposite magnetization are separated by domain walls with a unique rotational sense,
demonstrating the important role of the Dzyaloshinskii-Moriya interaction induced by the Co/Pt
and the Fe/Ir interfaces. The domain walls in Co/Pt(111) are straight and usually found in geo-
metrical constrictions of the film, where they can minimize their length. In contrast, the domain
walls in Ni/Fe/Ir(111) follow complicated paths, which can be correlated to the structural triangular
pattern. The comparison between the two systems shows that the structural patterns, despite their
similarity, have a different impact on the domain walls. In the Co/Pt(111) case, the magnetic state
is not influenced by the dislocation line network, in contrast to the Ni/Fe/Ir(111) system in which
the formation of the walls is favored at specific positions of the structural pattern.
I. INTRODUCTION
Pinning of localized magnetic states, such as domain
walls or skyrmions, is a common and important phe-
nomenon in the study of magnetic structures at the
nanoscale. It occurs mostly because of defects and inho-
mogeneities in the structure of magnetic films. In view
of the development of spintronics devices like racetrack
memories,1,2 it is crucial to reduce the pinning of the
magnetic structures in order to reliably move them. For
example, magnetic domain walls and skyrmions can be
pinned at defects3,4 or at grain boundaries in alloys5 and
sputtered films.6,7 As a consequence, larger current den-
sities are necessary to counteract the pinning force and
to move such magnetic objects, resulting in less energet-
ically efficient devices. On the other hand, the pinning
of domain walls in artificially created notches is essen-
tial to guarantee a controlled motion of domain walls in
ferromagnetic nanowires.8,9 Therefore, a deeper under-
standing of the pinning mechanisms for magnetic objects
at the nanoscale is of utmost importance for novel spin-
tronics devices.
In order to facilitate the identification of the mech-
anisms responsible for the pinning, we investigated the
interaction of magnetic domain walls with well-defined
structural features in epitaxial ultrathin films. The pin-
ning of domain walls to strain-induced nanostructures
was previously studied in FePt thin films on Pt(001),10
where the structural changes are significant: up to 3 nm-
high steps appear. In the present work, we study out-of-
plane ferromagnetic ultrathin films patterned by strain
relief, the atomically thin Co monolayer on Pt(111) and
the Ni/Fe atomic bilayer on Ir(111). In these systems,
the observed pattern is created by lateral variations of
the stacking of the atoms in the film. Compared to
FePt/Pt(001), the structural changes of the film are much
smaller but we show here that they can also have a large
impact on the magnetic state.
We used spin-polarized scanning tunneling microscopy
(SP-STM),11 exploiting both its spatial resolution and
its ability to measure non-collinear magnetic states. In
previous studies, the detailed atomic arrangement in Co
nanoislands and nanowires on Pt(111)12,13 and Ni/Fe
nanoislands on Ir(111)14 has been determined. These
measurements have also shown that both systems exhibit
ferromagnetic order. However, the magnetic state of ex-
tended films has not been investigated so far in these
systems and our work reveals in both cases the pres-
ence of domain walls with a unique rotational sense fixed
by the large Dzyaloshiskii-Moriya interaction (DMI)15,16
induced at the Co/Pt17–21 and the Fe/Ir22 interfaces.
The observed domain walls, although having compara-
ble widths, show very different pinning properties in the
two systems, shown by the different equilibrium wall po-
sitions.
II. EXPERIMENTAL DETAILS
Both the sample preparations and the measurements
were performed in a multichamber ultrahigh vacuum sys-
tem with a base pressure below 10−10 mbar. The cleaning
of the substrates, the deposition of the metallic ultrathin
films and the low-temperature STM measurements took
place in separated chambers.
The Pt single crystal was cleaned by repeated cycles
of Ar-ion sputtering at 750 eV and annealing to temper-
atures of 800 K for 5 minutes. The Co was deposited at
room temperature to minimize the intermixing with the
substrate.23 Typical deposition rates were around 0.07
atomic layers per minute.
The Ir substrate was prepared by cycles of Ar-ion sput-
tering at 800 eV and annealing up to 1500 K for 90 s.
The Fe monolayer was deposited onto the Ir(111) surface
about 5 min after the annealing, which means that the
substrate temperature was still elevated. This is neces-
sary to achieve step-flow growth of a pseudomorphic fcc-
stacked Fe monolayer.22 The typical deposition rate was
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2around 0.2 atomic layers per minute. Once the sample
had reached room temperature, the Ni layer was grown
on top of the Fe layer at a slightly lower rate, around
0.15 atomic layers per minute.
The measurements were performed in a low-
temperature STM with a base temperature of 4 K, using
a chemically etched Cr bulk tip. Superconducting coils
allow to apply an external out-of-plane magnetic field up
to 9 T.
III. STRUCTURE
Figure 1 shows a comparison between the constant-
current images of a Co on Pt(111) sample (Fig. 1a) and
a Ni/Fe on Ir(111) sample (Fig. 1(b)). In both cases,
the large lattice mismatch between the film and the sub-
strate, of 9.4% for the Co/Pt interface12 and 8.2% be-
tween Ni and Fe/Ir respectively, produces epitaxial strain
which is relieved by the formation of various structural
patterns. In the case of Co/Pt(111), the Co monolayer
exhibits an irregular triangular pattern made of areas in
which the Co atoms are located either in the fcc or the
hcp hollow sites, separated by lines of atoms located in
bridge sites.12 These bridge lines appear brighter in the
constant-current image of the inset of Fig. 1(a). A sketch
of this atom arrangement is shown in Fig. 1(c). The
fcc stacking is prefered for the Co atoms,12 which means
that the up-pointing triangles in the inset of Fig. 1(a) are
the fcc areas and the smaller down-pointing triangles the
hcp areas. The width of the bridge lines is about 0.7 nm.
In the constant-current map of Fig. 1(a) also some Co
double layer areas are visible, which display a hexagonal
structure corresponding to a Moire´ pattern.12
Figure 1(b) shows a constant-current image of
Ni/Fe/Ir(111). The Fe monolayer on Ir(111) grows pseu-
domorphically in fcc stacking,22 whereas an irregular tri-
angular dislocation line pattern is present in the Ni layer
deposited on top (and to a lesser extent in the Ni mono-
layer on Ir(111)).14 The atom arrangement producing
this triangular structure is analogous to the Co/Pt(111)
system (see Fig. 1(c)) and similarly, the bridge lines ap-
pear bright in the constant-current image of the inset of
Fig. 1(b), with a width of again about 0.7 nm. However,
from the comparable size of the up- and down-pointing
triangles in the structure, it is deduced that the fcc and
the hcp stackings are roughly energetically equivalent in
this case14 (see inset in Fig 1(b)). The triangular struc-
ture is not fully regular. Some of the bridge lines are
longer and adjoin several fcc or hcp areas. Two of these
lines are marked with a yellow dashed line in the inset in
Figure 1(b). These long bridge lines play a crucial role
in the pinning of the domain walls in Ni/Fe/Ir(111), as
discussed in the next sections.
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FIG. 1. Structure of the ultrathin films. (a) STM constant-
current map of a Co/Pt(111) sample, with an inset showing
the details of the dislocation lines network. The Co coverage
is about 1 atomic layer. (b) STM constant-current map of a
Ni/Fe/Ir(111) sample. The Fe coverage is about 0.7 atomic
layer and the Ni coverage about 0.9 atomic layer. The yellow
lines in the inset mark long bridge lines. The inset shows in
more details the dislocation lines. (c) Sketch showing the ar-
rangement of the atoms corresponding to the structural pat-
terns. The overview images were partially differentiated to
improve the visibility of the topographic features. Measure-
ment parameters: a main: 250 mV, a inset: −1 V, b: 100 mV,
all: 1 nA, 4 K, Cr bulk tip.
IV. MAGNETISM
Previous SP-STM investigations, mainly focussed on
nanowires and nanoislands, have demonstrated that both
the atomic Co monolayer on Pt(111) and the Ni/Fe
atomic bilayer on Ir(111) are ferromagnetic with out-of-
plane anisotropy.13,14
Figure 2(a) shows a spin-resolved differential conduc-
tance map of a sample with Co monolayer and Co double
layer areas on Pt(111), measured with an out-of-plane
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FIG. 2. Differential conductance maps of a Co/Pt(111) sam-
ple, measured with a tip sensitive to the out-of-plane (a) and
in-plane (b) sample magnetization components, respectively.
The domain walls, indicated by the green ellipses, are located
at geometrical constrictions, a closer view of one wall is shown
in the inset. Measurement parameters: 250 mV, 1 nA, 4 K,
0 T, Cr bulk tip.
sensitive magnetic tip. Large oppositely magnetized do-
mains are visible, separated by domain walls in the Co
monolayer. A closer view of the wall marked with the
black square is shown in the inset. The data shows that
the domain walls are preferentially located in geometrical
constrictions of the Co film. This results from a positive
energy cost per unit length of a domain wall, and the
position of the walls in constrictions allows to minimize
their length and thus their energy.
In order to determine if the domain walls have a unique
rotational sense and thus know if the DMI plays a role in
this system, knowledge about the in-plane components
of the walls is required as well. We have modified the
tip apex outside the image area by gentle indentations
with the sample until a magnetic in-plane sensitivity was
achieved. The same area of Fig. 2(a) is now imaged with
an in-plane tip and shown in Fig. 2(b). The out-of-plane
domains cannot be discriminated anymore, but the in-
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FIG. 3. Spin-resolved differential conductance maps of a
Ni/Fe/Ir(111) sample measured with an out-of-plane sensi-
tive tip (a) and a tip sensitive to both the out-of-plane and
an in-plane component of the magnetization ((b), the in-plane
component is indicated with the arrow). The blue box in (a)
marks part of the area shown in (b). Two domain walls are
shown in a closer view in the inset. Measurement parameters:
100 mV, 1 nA, 4 K, a: 0 T, b: 200 mT, Cr bulk tip.
plane components of the domain walls along the in-plane
magnetized tip are visible. Note that the observed do-
main wall contrast in this image does not only originate
from the tunneling magnetoresistance (TMR)11 but also
from an additional electronic contribution24,25 (see the
Supplemental Material for more information). The cor-
relation between Figs. 2(a) and (b) allows to conclude
that the domain walls have a unique rotational sense,
more details can be found in the Supplemental Material.
This shows that the DMI at the Co/Pt interface is sig-
nificant, in agreement with previous work.17–21 Because
such an interfacial-DMI stabilizes Ne´el walls with fixed
rotational sense26,27 over Bloch walls, we can conclude
that the magnetization in the wall is cycloidal. From
4this, we can deduce the tip magnetization axis during
the measurement, as indicated by the arrow of Fig. 2(b).
Figure 3 shows a similar experiment for Ni/Fe/Ir(111).
The differential conductance map (a) is measured with
an out-of-plane sensitive tip and reveals the presence of
out-of-plane oppositely magnetized domains. However,
in contrast to the case of the Co monolayer on Ir(111),
the domain walls do not minimize their lengths in geo-
metrical constrictions of the Ni/Fe film but instead fol-
low more complicated paths. A closer view of two walls
(marked with the black box) is shown in the inset and
suggests that the unusual paths followed by these walls
are related to the structural strain-relief-induced pattern.
We will look at this more closely in the next section.
To investigate the characteristics of the domain walls, we
also measured the in-plane components of the magneti-
zation in the domain walls in the Ni/Fe/Ir(111) system.
Figure 3(b) is a differential conductance map of an area
overlapping with the one shown in (a) (see the blue box).
In this case, the magnetization at the tip apex is canted
and thus the tip is sensitive to both the out-of-plane com-
ponent and an in-plane component of the magnetic state
of the sample (see Supplemental Material). The oppo-
sitely magnetized out-of-plane domains are still visible,
they appear bright or slightly dark. Note that an out-of-
plane magnetic field was applied to the sample between
the measurements (a) and (b), which induced the move-
ment of some of the walls.
The tip sensitivity also allows to observe the in-plane
component of the magnetization in the domain walls,
which manifests itself as a brighter or darker contrast
at the position of the walls. However, an additional elec-
tronic contribution is also present as an offset, similar
to the case of Co/Pt(111) (see Supplemental Material),
which makes the domain walls appear either very dark
or hardly visible. Since the order bright domain/very
dark wall/slightly dark domain/hardly visible wall is re-
peated everywhere without changing the wall orientation
(mostly perpendicular to the Ni stripe), we can con-
clude that the magnetic domain walls have a unique ro-
tational sense in Ni/Fe/Ir(111). Thus also in this sys-
tem, the DMI is involved in their stabilization, which is
not surprising because of the large DMI induced by the
Fe/Ir(111) interface.22
V. CHARACTERISTICS OF THE DOMAIN
WALLS
The profile of a domain wall in a magnetic ultrathin
film with uniaxial anisotropy can be computed by mini-
mizing the following micromagnetic energy functional:26
E[ϕ] =
∫ +∞
−∞
[
A
(
dϕ
dx
)2
+D
dϕ
dx
+K sin2 ϕ
]
dx (1)
where ϕ(x) is the angle between the normal to the sur-
face and the magnetization at the coordinate x, A is
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FIG. 4. STM constant-current map (a) and the simul-
taneously recorded spin-polarized differential conductance
map (b) of a Co monolayer on Pt(111). The signal in the
white box is averaged in the short direction and plotted
against the long direction in (c). The black dashed line is
a fit to the data points using Eq. (3) for a fully out-of-plane
sensitive magnetic tip. Measurement parameters: −770 mV,
1 nA, 4 K, 0 T, Cr bulk tip.
the exchange stiffness, D is the DMI constant and K
the effective uniaxial anisotropy. In order to keep the
model simple, the magnetic parameters are assumed to
be spatially uniform, only averaged values are consid-
ered. This is actually an approximation in Co/Pt(111)
and in Ni/Fe/Ir(111) because of the strain-relief-induced
pattern. Indeed, since this pattern corresponds to varia-
tions of the lateral positions of the atoms, it is expected
that a spatial modulation of the magnetic parameters in
the film is induced.
We impose the presence of two oppositely magnetized
out-of-plane domains by choosing the boundary condi-
tions for the angle ϕ:
lim
x→+∞ϕ(x) = 0, limx→−∞ϕ(x) = pi (2)
The minimization of the energy26 leads to this expression
for the profile of the domain wall:
cosϕ(x) = ±
(
tanh
(
x
w/2
))
(3)
with w = 2
√
A/K. The DMI does not influence the shape
of the wall, but it changes its energy per unit length:
E = 4
√
AK ± piD (4)
A detailed analysis of a domain wall in the Co mono-
layer on Pt(111) is shown in Figure 4. This wall is located
in a constriction which is about 20 nm wide. The pro-
file in (c) is extracted from the differential conductance
520 nm
(a)
Ni/Fe
(b)
-20 -10 0 10 20
w = 1 nm
w = 4 nm
Bridge line values(c)
Lateral displacement (nm)
D
iff
er
en
tia
lc
on
du
ct
an
ce
-10 0 10
w = 2.9 nm
Averaged profile
Lateral displacement (nm)
D
iff
.
co
nd
uc
ta
nc
e
FIG. 5. STM constant-current map (a) and the simul-
taneously recorded spin-polarized differential conductance
map (b) of a Ni/Fe film on Ir(111). The plot (c) shows the
values of the differential conductance in image (b) at points
located on the bridge lines as a function of the distance to the
long bridge line marked in image (a). Two domain wall pro-
files were fitted to the data (green dots) with the constraint
that the wall width is either 1 or 4 nm (blue and orange lines
respectively). In the inset, the differential conductance profile
(averaged over the area in the box indicated in image (b)) is
shown, as well as a fit (red line). The fit gives a wall width
of 2.9 nm. Measurement parameters: 100 mV, 1 nA, 4 K, 0 T,
Cr bulk tip.
map measured at −770 mV, a bias voltage at which the
signal change due to the structural pattern is small com-
pared to that of magnetic origin. The data confirms the
wall width of about 4 nm found previously in nanowires
of Co on Pt(111).13 The comparison between the STM
constant-current map in Fig. 4(a) and the differential
conductance map in Fig. 4(b) shows that the position
of the domain wall is determined by the geometry of the
local constriction in the Co monolayer film rather than
by the structural pattern.
A close view of a domain wall in the Ni/Fe bilayer on
Ir(111) is presented in Fig. 5. We find that is does not
take the shortest path across the stripe, but instead it
runs at an angle of about 30 degrees with respect to the
stripe. The position of the domain wall seems to cor-
relate with the position of a particularly long straight
bridge line, suggesting that the magnetic state pins to
the structural pattern. To investigate this further, we
need to determine the center of the domain wall with
respect to the bridge line. In this case, the structural
triangular pattern is clearly visible at any bias voltage
in the differential conductance, with a signal change on
the same order of magnitude as the magnetic contrast.
Therefore, even after averaging in the direction parallel
to the wall (over the area indicated in 5(b), like it is
done in Fig. 4), the structural pattern produces a strong
modulation of the differential conductance, as shown by
the gray line in the inset of Fig. 5(c). Fitting Eq. (3)
for a magnetic sensitivity of the tip fixed out-of-plane
to such a profile can give a rough estimate of the do-
main wall width. However, the obtained position of the
wall center is not reliable because of the distortions in-
duced by the structure. We gain additional information
with a different procedure. We reduce the modulation
of the differential conductance signal, which is produced
by the different stackings of the atoms, by selecting data
points belonging to only one specific stacking, i.e. either
to fcc, hcp or to bridge lines. We chose points belonging
to bridge lines, and then plot the corresponding differen-
tial conductance as a function of the distance from the
long bridge line indicated in 5(a). The result is shown in
Fig. 5(c).
The obtained profile is not completely smooth and does
not allow to determine precisely the wall width. The
shape from Eq. (3) was nevertheless fitted to the data,
with the constraint that the tip is out-of-plane sensitive
and for a wall width of either 1 nm (blue line) or 4 nm
(orange line), but no constraint on the position of the
wall. The results show that the center of the wall, which
is the area where the magnetic moments are pointing in-
plane, is located at 0, i.e. at the position of the bridge
line, for both fitted profiles. The wall width appears to
be in the range between 1 nm and 4 nm, which is in agree-
ment with the value of 2.9 nm obtained on the averaged
profile presented in the inset. We conclude that indeed
for Ni/Fe/Ir(111) the bridge sites act as pinning lines for
the domain walls.
The experiment presented in Fig. 6 illustrates the strong
pinning of the domain walls to the bridge lines in the
Ni/Fe bilayer on Ir(111). The STM constant-current
map (a) shows the structural pattern in an area exhibit-
ing a wall with a complicated shape. The differential
conductance maps (b) to (d) show the position of the do-
main wall when an external out-of-plane magnetic field
is increased step by step. In the absence of magnetic
field (Fig. 6(b)) the domain wall follows a path dictated
by the bridge lines. When the external magnetic field is
increased (Figs. 6(c) and (d)), the dark domain, which
corresponds to the magnetization parallel to the field,
grows. Thermal effects and the influence of the STM tip
might also contribute to the observed domain wall mo-
tion. The wall successively jumps to the next long bridge
lines and stays pinned. In addition to this experiment,
the equilibrium positions of a significant number of do-
main walls were observed and it appeared that most of
the walls in Ni/Fe/Ir(111) are pinned to a least one long
bridge line.
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FIG. 6. Constant-current map (a) and spin-resolved differential conductance maps (b)-(d) showing the field dependence of the
positioning of a domain wall in Ni/Fe/Ir(111). The constant-current map shows the details of the dislocation line pattern.
When the field increases, the domain on the left grows and the domain wall jumps from one bridge line to the next. The tip
is sensitive to the out-of-plane component of the sample magnetization. Measurement parameters: 100 mV, 1 nA, 4 K, Cr bulk
tip.
VI. DISCUSSION
In the two systems studied, the triangular pattern cre-
ated by strain relief corresponds to spatial variations of
the stacking of the atoms. It is known from previous
studies that the stacking can have an influence on the
magnetic state in ultrathin films.28–30 One can thus ex-
pect that the presence of a structural pattern in the film
can induce a spatial modulation of the exchange stiff-
ness, the DMI or the magnetic anisotropy, which deter-
mine the energy of the domain walls. From the expres-
sion of the energy given in Eq. (4), the formation of a
wall becomes more favorable if the exchange stiffness or
out-of-plane anisotropy decreases or if the DMI constant
increases. However, Co/Pt(111) and Ni/Fe/Ir(111) are
very different materials. The stacking variation can mod-
ify the magnetic parameters differently in the two cases
and even a similar change of one parameter can have a
very different effect, since the domain walls are stabi-
lized by the competition between several energy terms.
Unfortunately, our STM experiments do not allow to de-
termine which magnetic energy term among the exchange
coupling, the DMI and the effective anisotropy is involved
in the dominant pinning mechanism. Nevertheless, the
presence of much longer walls in Ni/Fe/Ir(111) compared
to Co/Pt(111) suggests that their formation might be
more favorable in this system.
In Pt/Co/Pt stripes irradiated with Ga,4 the pinning
of domain walls was attributed to variations of the uni-
axial anisotropy. The size of the irradiated region also
plays an important role for the pinning. More gener-
ally, the pinning is stronger when the typical length of
the structural variations is close to the size of the mag-
netic objects, as observed in the case of skyrmions pinned
at the boundaries of grains with varying DMI.7 In the
Co/Pt(111) system, the sides of the approximately tri-
angular fcc grains have an average size of about 3 nm.
The hcp grains are smaller, with a size around 2.5 nm.
In Ni/Fe/Ir(111), the sides of the triangles are roughly
3.2 nm long. In addition, the width of the bridge lines
is the same in the two cases, 0.7 nm. The grain size is
thus rather close to the wall width of 4 nm in Co/Pt(111),
whereas in Ni/Fe/Ir(111), the wall width between 1 nm
and 4 nm could be close to the width of the lines or the
size of the grains. This effect of the grain size or the
line width might contribute to the stronger pinning in
Ni/Fe/Ir(111) than in Co/Pt(111).
Another geometrical effect might play a role in the pin-
ning of the walls. The paths of the bridge lines are rather
curved in Co/Pt(111) whereas the lines are very straight
in Ni/Fe/Ir(111). It might be less favorable for the do-
main walls to follow a curved path than a straight one,
which would also increase the pinning in Ni/Fe/Ir(111)
compared to Co/Pt(111).
VII. CONCLUSION
Our work shows that domain walls in epitaxial ultra-
thin films patterned by strain relief can have a very differ-
ent behavior despite the similarity of the atom arrange-
ment in the film. The Co monolayer on Pt(111) and the
Ni/Fe bilayer on Ir(111) both exhibit an irregular tri-
angular structural pattern which consists of alternating
fcc and hcp areas separated by bridge lines. However,
whereas the pattern does not affect the domain walls
in Co/Pt(111), they are strongly pinned to the bridge
lines in Ni/Fe/Ir(111). This pinning effect likely origi-
nates from a spatial modulation of the magnetic param-
eters (exchange coupling, DMI, effective anisotropy) in-
duced by the stacking variations in the film. Their ef-
fects on the different magnetic energy contributions can-
7not be disentangled in our experiments. Nevertheless,
the comparison between the two systems shows that the
pinning is effectively smaller in Co/Pt(111) compared to
Ni/Fe/Ir(111). Our work highlights how the choice of the
appropriate materials, with specific pinning properties, is
a crucial step towards the realization of novel spintronic
devices.
ACKNOWLEDGMENTS
Financial support by the European Union via the Hori-
zon 2020 research and innovation programme under grant
agreement No. 665095 and by the Deutsche Forschungs-
gemeinschaft via SFB668-A8 is gratefully acknowledged.
∗ mperini@physnet.uni-hamburg.de
1 S. S. P. Parkin, M. Hayashi, and L. Thomas, Science 320,
190 (2008).
2 A. Fert, V. Cros, and J. Sampaio, Nat. Nanotech. 8, 152
(2013).
3 C. Hanneken, A. Kubetzka, K. v. Bergmann, and
R. Wiesendanger, New J. Phys. 18, 055009 (2016).
4 J. H. Franken, M. Hoeijmakers, R. Lavrijsen, and H. J. M.
Swagten, J. Phys.: Condens. Matter 24, 024216 (2012).
5 R. H. Yu, S. Basu, Y. Zhang, A. Parvizi-Majidi, and J. Q.
Xiao, J. Appl. Phys. 85, 6655 (1999).
6 S. Woo, K. Litzius, B. Kru¨ger, M.-Y. Im, L. Caretta,
K. Richter, M. Mann, A. Krone, R. M. Reeve, M. Weigand,
P. Agrawal, I. Lemesh, M.-A. Mawass, P. Fischer,
M. Kla¨ui, and G. S. D. Beach, Nat. Mater. 15, 501 (2016).
7 W. Legrand, D. Maccariello, N. Reyren, K. Garcia,
C. Moutafis, C. Moreau-Luchaire, S. Collin, K. Bouze-
houane, V. Cros, and A. Fert, Nano Lett. 17, 2703 (2017).
8 M. Hayashi, L. Thomas, C. Rettner, R. Moriya, X. Jiang,
and S. S. P. Parkin, Phys. Rev. Lett. 97, 207205 (2006).
9 D. Atkinson, D. S. Eastwood, and L. K. Bogart, Appl.
Phys. Lett. 92, 022510 (2008).
10 J. P. Attane´, Y. Samson, A. Marty, D. Halley, and
C. Beigne´, Appl. Phys. Lett. 79, 794 (2001).
11 R. Wiesendanger, Rev. Mod. Phys. 81, 1495 (2009).
12 E. Lundgren, B. Stanka, M. Schmid, and P. Varga, Phys.
Rev. B 62, 2843 (2000).
13 F. Meier, K. von Bergmann, P. Ferriani, J. Wiebe,
M. Bode, K. Hashimoto, S. Heinze, and R. Wiesendan-
ger, Phys. Rev. B 74, 195411 (2006).
14 D. Iaia, A. Kubetzka, K. von Bergmann, and R. Wiesen-
danger, Phys. Rev. B 93, 134409 (2016).
15 I. E. Dzyaloshinskii, Sov. Phys. JETP 5, 1259 (1957).
16 T. Moriya, Phys. Rev. Lett. 4, 228 (1960).
17 S. Pizzini, J. Vogel, S. Rohart, L. D. Buda-Prejbeanu,
E. Jue´, O. Boulle, I. M. Miron, C. K. Safeer, S. Auffret,
G. Gaudin, and A. Thiaville, Phys. Rev. Lett. 113 (2014).
18 M. Belmeguenai, J.-P. Adam, Y. Roussigne´, S. Eimer,
T. Devolder, J.-V. Kim, S. M. Cherif, A. Stashkevich, and
A. Thiaville, Phys. Rev. B 91 (2015).
19 H. Yang, A. Thiaville, S. Rohart, A. Fert, and M. Chshiev,
Phys. Rev. Lett. 115 (2015).
20 E. C. Corredor, S. Kuhrau, F. Kloodt-Twesten,
R. Fro¨mter, and H. P. Oepen, Phys. Rev. B 96, 060410
(2017).
21 E. Simon, L. Ro´zsa, K. Palota´s, and L. Szunyogh, Phys.
Rev. B 97 (2018).
22 S. Heinze, K. von Bergmann, M. Menzel, J. Brede, A. Ku-
betzka, R. Wiesendanger, G. Bihlmayer, and S. Blu¨gel,
Nat. Phys. 7, 713 (2011).
23 E. Lundgren, B. Stanka, W. Koprolin, M. Schmid, and
P. Varga, Surf. Sci. 423, 357 (1999).
24 M. Bode, S. Heinze, A. Kubetzka, O. Pietzsch, X. Nie,
G. Bihlmayer, S. Blu¨gel, and R. Wiesendanger, Phys. Rev.
Lett. 89, 237205 (2002).
25 C. Hanneken, F. Otte, A. Kubetzka, B. Dupe´, N. Rom-
ming, K. von Bergmann, R. Wiesendanger, and S. Heinze,
Nat. Nanotech. 10, 1039 (2015).
26 M. Heide, G. Bihlmayer, and S. Blu¨gel, Phys. Rev. B 78,
140403 (2008).
27 A. Thiaville, S. Rohart, E´. Jue´, V. Cros, and A. Fert, EPL
100, 57002 (2012).
28 K. von Bergmann, M. Menzel, A. Kubetzka, and
R. Wiesendanger, Nano Lett. 15, 3280 (2015).
29 C. L. Gao, W. Wulfhekel, and J. Kirschner, Phys. Rev.
Lett. 101 (2008).
30 N. Romming, H. Pralow, A. Kubetzka, M. Hoffmann,
S. von Malottki, S. Meyer, B. Dupe´, R. Wiesendanger,
K. von Bergmann, and S. Heinze, Phys. Rev. Lett. 120,
207201 (2018).
